Thermo-responsive polymer ''nanogels'' (crosslinked hydrogel particles with sub-100 nm diameters) are intriguing for many potential applications in biotechnology and medicine. There have been relatively few reports of electrostatically neutral, thermosensitive nanogels comprising a high fraction of hydrophilic co-monomer. Here we demonstrate the syntheses and characterization of novel, non-ionic nanogels based on random N,N-diethylacrylamide (DEA)/N,N-dimethylacrylamide (DMA) copolymers, made by free-radical, surfactant-free dispersion polymerization. The volume-phase transition temperatures of these DEA/DMA nanogels are strongly affected by co-monomer composition, providing a way to ''tune'' the phase transition temperature of these non-ionic nanogels. While DEA nanogels (comprising no DMA) can be obtained at 70°C by standard emulsion precipitation, DEA/DMA random co-polymer nanogels can be obtained only in a particular range of temperatures, above the initial phase transition temperature and below the critical precipitation temperature of the DEA/DMA copolymer, controlled by co-monomer composition. Increasing percentages of DMA in the nanogels raises the phase transition temperature, and attenuates and broadens it as well. We find that concentrated DEA/DMA nanogel dispersions are optically clear at room temperature. This good optical clarity was exploited for their use in a novel DNA sieving matrix for microfluidic chip electrophoresis. An ultrafast, high-efficiency dsDNA separation was achieved in less than 120 s for dsDNA ranging from 75 bp to 15,000 bp.
Introduction
Nanogels, i.e., hydrogel nanoparticles with diameters in the range of tens to hundreds of nanometers, are attracting interest and investigations [1] [2] [3] [4] . With their extremely small size and high surface area-to-volume ratios, thermo-responsive nanogels can exhibit unusually rapid responses to micro-environmental stimuli such as temperature [2] or pH, relative to bulk gels made from the same materials [5] . Hydrogel nanoparticles have been tested for controlled drug release [6, 7] , as the basis for novel DNA sieving networks for microchannel electrophoresis [8] , and for environmental control [9] or optical uses [10, 11] . A variety of thermo-responsive nanogels are reported that exhibit reversible volume-phase transitions [4, 12] . Typically, below the nanogels' volume-phase transition temperature (VPTT) the polymer chains that form the gel particles are hydrogen-bonded with water molecules so that the nanogel material is well hydrated and swollen in an aqueous milieu. Above the VPTT, the polymers undergo thermodynamically driven coil-to-globule transitions. This initially nanoscale phase separation can occur almost as quickly as the coil-to-globule transition of individual polymer chains, yielding fast nanogel volume transitions at or above the VPTT.
Among various thermo-responsive poly(N-alkyl-substituted acrylamide) nanogels that have been studied [4, 13, 14] , poly(N-isopropylacrylamide) (polyNIPA) nanogels have been the most extensively investigated [15] [16] [17] . NIPA-based nanogels are typically synthesized by emulsion precipitation polymerization at 70°C [2] . Similar to linear NIPA polymers, polyNIPA nanogels exhibit a reversible volume-phase transition at a VPTT of $32°C. Above the VPTT, they typically remain stably dispersed in the aqueous solution, in most cases due to electrostatic repulsion between sulfate moieties incorporated into the nanogels when polymerization was initiated by ammonium persulfate (APS) [4] . The VPTT of NIPA-based nanogels can be varied by the incorporation of a small amount of an ionic co-monomer such as acrylic acid (AA) or methacrylic acid (MAA) [5, 18] . These charged co-polymer nanogels exhibit both temperature-and pH-induced volume-phase transitions.
In addition to polyNIPA, poly(N,N-diethylacrylamide) (polyDEA) is another thermo-responsive polymer that shows an LCST near 30°C [19, 20] . Wu et al. investigated the effects of co-monomer composition on the formation of the meso-globular phase of DEA co-polymers using laser light scattering [21] . Zhu and coworkers studied the enhanced thermosensitivity of N,N-diethylacrylamide/2-hydroxyethyl methacrylate (DEA/HEMA) nanogels [22] . Barron et al. showed that the incorporation of the neutral hydrophilic co-monomer DMA into random DMA/DEA co-polymers, in increasing amounts, leads to a controlled shift of the VPTT to higher temperatures [23] . The ability to control the VPTT of these non-ionic, thermo-responsive copolymers can have important consequences for their application [24] . For example, by exploiting the dramatic viscosity drop associated with the volume-phase transitions of linear DEA/DMA co-polymer solutions, Barron and coworkers [23] created a novel class of microchannel DNA sequencing matrices with a thermally controlled viscosity switch, capable of decoupling high-pressure microchannel loading and electrophoretic DNA sequencing separation performance for these otherwise highly viscous solutions (7% w/v) of entangled, linear, high-molar mass DEA/DMA co-polymers (M w $ 4 M g/mol) [23] .
Non-ionic, thermosensitive nanogels with a high molar composition of highly hydrophilic co-monomers were reported for the first time only recently. Zhou and coworkers synthesized poly(ethylene glycol) (PEG)-based, thermosensitive core-shell nanogels, and studied their use for cancer cell imaging and treatment [25, 26] . Their PEG-based nanogel shell was composed of 2-(2-methoxyethyoxy)ethyl methacrylate (MEO 2 MA) and oligo(ethylene glycol)methyl ether methacrylate (MEO 5 MA, M n = 300 g/mol) in 1:2 molar ratio. Although the nanogel shell had a high composition of the more hydrophilic MEO 5 MA, poly(MEO 5 MA) itself has a sufficient level of hydrophobicity to also form thermosensitive homo-polymer with an LCST of about 60°C [27, 28] . Gu's group synthesized non-ionic, thermosensitive NIPA/AAm (acrylamide) nanogels with a maximum hydrophilic AAm composition of less than 20 wt.% (AAm/NIPA = 0.2 g/1 g) [29] . The AAm content of these NIPA/AAm nanogels was higher than the earlier published result of Pelton and Chibante in 1986 [30] .
In this study, we show for the first time, that the VPTT of DEA-based nanogels can be tuned through the copolymerization of DEA with a high composition of a hydrophilic, non-ionic DMA co-monomer. DMA is sufficiently hydrophilic that its homo-polymers do not demonstrate any LCST transitions in water below 100°C. The chemical structure of DMA is similar to that of DEA, as shown in Fig. 1 . Aqueous solutions of linear poly(N,N-dimethylacrylamide) (polyDMA) are soluble in water up to 100°C, while aqueous solutions of linear poly(N,N-diethylacrylamide) (polyDEA) exhibit an LCST at around 30°C. Random DMA/DEA copolymers exhibit intermediate phase transitions [23] . DMA-based homopolymers and co-polymers find many practical uses, such as in contact lenses, and as sieving networks for microchannel DNA sequencing. One reason for this relates to stability: in mildly alkaline or acidic conditions, DMA is much more resistant to hydrolysis than acrylamide [31] . High-molar mass DMA homo-polymers and DEA/DMA co-polymers have been used in electrophoresis media for DNA sequencing by capillary electrophoresis [23] . For this application, PDMA offers two significant advantages over linear polyacrylamide: (1) at necessary polymer concentrations (2-6% w/v), its entangled polymer solutions have relatively lower viscosity, and (2) polyDMA spontaneously adsorbs to glass, via physical and entropic driving forces, to form a capillary coating that suppresses electroosmotic flow and enhances DNA separation performance [32] .
We synthesized polyDEA nanogels at 70°C via emulsion precipitation polymerization, following an approach typically used to create polyNIPA nanogels, which have a VPTT very close to that of polyDEA. However, when we attempted to synthesize DMA/ DEA nanogels by a similar method, we found that mixed DEA/ DMA monomer solutions tend to form a macroscopic precipitate shortly after the initiation of polymerization at 70°C, and this occurred over a wide range of DEA/DMA feed ratios, ranging from 70%/30% (w/w) to 40%/60% (w/w). We therefore explored alternative synthesis conditions. We discovered that the synthesis of DEA/DMA nanogels must be carried out within a narrow range of reaction temperatures that depends on copolymer composition, and which is above the initial volume-phase transition temperature and below the critical precipitation temperature at which DEA/DMA copolymer particles form a macroscopic precipitate. We varied the reaction temperature, crosslinker concentration, monomer ratio, and reaction time to investigate the effect of synthesis conditions on the size and size distribution of the nanogels. The weight-average molecular weight (M w ) and gyration of radius (R g ) were measured by multi-angle static light scattering. The temperature-dependent phase transition behaviors of the resulting DEA/DMA nanogels, both in water and in aqueous NaCl solutions, were studied by dynamic light scattering and visible-light spectrophotometry.
Materials and methods

Materials
Ultrapure (>99.5%) monomers of N,N-diethylacrylamide (DEA) and N,N-dimethylacrylamide (DMA) were purchased from Monomer-Polymer and Dajac Labs (Feasterville, PA) by custom order. The crosslinker methylene-bis-acrylamide (Bis), ammonium persulfate (APS), sodium dodecyl sulfate (SDS) and N,N,N 0 ,N 0 -tetramethylethylenediamine (TEMED) were all purchased from Amresco (Solon, OH) in High purity. Triply distilled, deionized water was used throughout. 
Synthesis of the nanogels
PolyDEA nanogels were synthesized via emulsion precipitation polymerization. In a typical synthesis, 2.4 g DEA monomer, 0.08 g SDS surfactant and 0.24 g Bis were dissolved in 187.6 g water. The solution was stirred under nitrogen. After the solution was brought to 70°C under nitrogen, 10 ml of a 0.01 g/ml aqueous APS solution were added to initiate polymerization. The polymerization was carried out at 70°C for 4 h under nitrogen. The resultant PDEA nanogels were dialyzed through cellulose acetate membranes (Carolina Biological Supply Company, NC) for 10 days to remove unreacted monomer, small molecules and SDS surfactant.
The DEA/DMA nanogels were synthesized via surfactant-free emulsion precipitation polymerization. DEA/DMA nanogels were prepared from 2.86 g of DEA and DMA monomer with four different DEA/DMA compositions (70%/30%, 60%/40%, 50%/50%, 40%/ 60%, w/w), 0.286 g Bis (10 wt.% of total feed amount of DEA and DMA), and 0.1 g APS. The DEA and DMA monomers and BIS crosslinker were dissolved in 187.7 g water. Following the addition of APS, the copolymerization was carried out, at different reaction temperatures based on the various monomer compositions. Copolymer nanogels were dialyzed (Carolina Biological Supply Company, NC) for 10 days to remove unreacted monomers and small molecules. The dialyzed nanogels were freeze-dried for later re-dispersion and study. The specific synthesis conditions used are given in Table 1 .
NMR measurements
1
H NMR spectroscopy with a Varian Inova 500 (Walnut Creek, CA) was utilized to determine the actual molar ratio of each monomer incorporated into the DEA/DMA nanogels. In the individual DEA and DMA monomers, there are two CH 3 groups. However, in the two monomers these CH 3 
Multi-angle laser light scattering (MALLS) and dynamic light scattering (DLS)
In order to minimize the effect of dust, a 0.02 lm filter (Whatman) was used to remove possible dust in DI water and 0.8 lm filter (Whatman) removed any dust in the nanogel dispersion preparations. The physical properties of resultant DEA/DMA nanogels were characterized by MALLS and DLS [33] [34] [35] and are given in Table 2 . All hR g i and M w values were calculated from Zimm plots for the nanogel samples determined from MALLS data. By use of the Berry formalism for data analysis [32] , and a first-order angle fit and a second-order concentration fit, the calculated values showed an error of no more than 5%. All hR h i values were determined from five independent DLS measurements using a detector angle of 23°at 20°C. The hR h i error was also less than 5%. The instruments and measurement conditions in detail are described in the Supporting information.
Microchip electrophoresis
Microfluidic chip electrophoresis was conducted using a custom-built system in our laboratory which has a highly sensitive multi-color laser-induced fluorescence (LIF) detector, capable of detecting $3 pM fluorescein [36] . Glass microchips (T8050) were obtained from Micronit (Enschede, The Netherlands) and had a standard, 100 lm ''offset T'' injector, an 8-cm separation distance, and 50-lm wide, 20-lm deep channels. Microchannels were internally coated, via simple physical polymer adsorption, using a 0.1% (w/w) poly-N-hydroxyethylacrylamide (pHEA) aqueous solution, after a 15-min surface pretreatment with 1 M HCl in water. DNA samples were diluted to 5 lg/ml with deionized water. Appropriate amounts of matrix polymer materials were added into 0.5 Â TTE buffer for the obtainment of good separation performance for both small and large DNA fragments. DNA samples and polymer matrix solutions were spiked with 1 lM EtBr. DNA samples were electrokinetically injected with an applied voltage 200 V for 20 s. The separation electric field strength was 300 V/cm.
Results and discussion
3.1. Synthesis of polyDEA and DEA/DMA nanogels Thermo-responsive nanogels are usually synthesized at a temperature well above the lower critical solution temperature (LCST) of the corresponding linear polymers. This is because at elevated temperatures, thermosensitive polymer chains typically can form stably dispersed nanospheres above the LCST in aqueous media, with or without the need for added surfactant, depending on the material and solvent conditions. The two most common nanogel synthesis methods include direct crosslinking of the collapsed polymer chains [3] and free-radical polymerization of monomers in the presence of a crosslinker [4] . The latter method is usually referred to as emulsion precipitation polymerization. Many classes of nanogels have been synthesized via emulsion precipitation polymerization, including core-shell NIPA nanogels [2] , pH-sensitive NIPA/MAA co-polymer nanogels [5] , and polyampholyte nanogels [13] . In order to create non-ionic DEA/DMA nanogels with tunable VPTTs, we first attempted to develop a synthesis protocol based on emulsion precipitation polymerization at 70°C. Using this approach, homogeneous polyDEA nanogels were indeed obtained (see below). However, when we attempted to use this method to create co-polymer nanogels, we found that in aqueous SDS solution, the DEA/DMA copolymers rapidly aggregated to form a macroscopic precipitate, shortly after the initiation of polymerization at 70°C. This occurred over a wide range of DEA/DMA compositions, from 70 wt.% to 40 wt.% of DEA. If surfactant was used for emulsion precipitation polymerization of DMA/DEA copolymers at lower temperatures, nanogels were formed but were quite polydisperse (results not shown). We preferred not to use surfactant if it was not necessary, to eliminate a requirement for its later removal. Subsequent experimental studies showed that the synthesis of stable DEA/DMA nanogels could be achieved only in a narrow range of reaction temperatures, above the respective initial phase transition temperature and below the individual critical precipitation temperature above which DEA/DMA copolymer chains form a macroscopic precipitate. In contrast to the previous DEA nanogel synthesis at a temperature well above the LCST, this controlled synthesis temperature of DEA/DMA nanogels is just a few degrees above the initial volume-phase transition temperature, which is a novel finding.
Pelton et al. have reported that the optimal synthesis temperature of preparing poly(N-isopropylacrylamide) nanogels is above 50°C, which is significantly higher than a LCST of 32°C [37, 38] . Similar to the LCST of linear DEA/DMA copolymers, the critical precipitation temperature of DEA/DMA nanogels depends on the copolymer composition: the higher the DMA content, the higher the critical precipitation temperature. Thus, DEA/DMA nanogels with different compositions cannot be created at the same reaction temperature; the reaction temperature must be varied with the comonomer composition. This is likely due to the differing balance of hydrophobic and physical association tendencies of the DEA/DMA copolymer chains, as affected by composition, above the critical precipitation temperature. Nanogels with a significant fraction of DMA, once formed, apparently have a stronger affinity for other nanogels, so that they form a macroscopic precipitate at 70°C. Barker et al. [39] investigated the effects of the hydrophilic co-monomer DMA on the segmental mobility of linear NIPA/DMA copolymers via time-resolved anisotropy measurements (TRAMS). They reported that the incorporation of the more hydrophilic DMA reduces the extent of the collapse transitions of linear NIPA/DMA copolymers above the LCST, and that an increase in DMA content greatly enhances the segmental mobility of NIPA/DMA copolymers above the initial volume-phase transition temperature. In contrast to NIPA/DMA copolymers, homogeneous polyNIPA was found to exhibit a sharp decrease in segmental mobility upon its strong collapse above the LCST.
In the present study, DEA/DMA copolymer chains would be expected to behave somewhat similarly to NIPA/DMA copolymer chains. We were aware that at higher reaction temperatures, the fast mobility and strong hydrophobic association of the copolymer segments of the resulting DEA/DMA particles above the phase transition temperature could lead to the rapid formation of a macroscopic precipitate. For this reason, the synthesis temperatures of DEA/DMA nanogels with different compositions had to be varied to modulate the strength of the hydrophobic effect (see Table 1 ). When synthesis conditions had been optimized for each unique DEA/DMA composition and surfactant was omitted from the reaction, discrete nanogels could be obtained, as signaled by the appearance of a bluish tint to the clear solutions. No precipitation occurred under the optimal synthesis conditions shown in Table 1 .
Physical characterization of the nanogels
Static light-scattering studies of the synthesis products show that polyDEA nanogels have by far the highest average molar mass (1.92 Â 10 8 g/mol), due to the more highly packed polymer chains that form during synthesis, with a ratio of R g /R h $ 0.84 [40] . The weight-average molar masses of the DEA/DMA co-polymer nanogels, on the other hand, ranged from 2.21 Â 10 7 to 3.89 Â 10 7 g/mol. The corresponding R g ranges from 243 to 288 nm and R h from 199 to 243 nm. The ratios of R g /R h of DEA/DMA nanogels are around 1.2, indicating that resulting DEA/DMA nanogels have much less tightly packed polymer chains than polyDEA nanogels [40, 41] . Compared to the relatively low R g /R h of polyDEA nanogels, the higher R g /R h ratios of DEA/DMA nanogels may be attributed to two synthesis factors: the use of a lower polymerization temperature, not very far above the respective copolymer LCSTs; and the high mobility of the DMA portions of the more hydrophilic DEA/ DMA polymer chains. These factors will lead to the creation of loosely packed DEA/DMA polymer chains in individual nanogels and hence, broader polydispersity, as observed by DLS, as shown in Table 2 . The polyDEA nanogels have the narrowest size distribution, which can be attributed to fast particle nucleation at the relatively high reaction temperature of 70°C. The polydispersities of the DEA/DMA nanogels ranged from 0.40 to 0.46. Lyon et al. reported a similarly broad polydispersity (0.42) for their poly(ethylene glycol) (PEG)-modified NIPA nanogels, which they attributed to the incorporation of the hydrophilic PEG-monomethacrylate [42] . An interesting consequence of the DEA/DMA nanogel made by this method is their optical transparency, which can have advantages in some optical applications. In order to investigate the effects of various synthesis parameters on the size and size distribution of the DEA/DMA nanogels, we characterized nanogels that were synthesized over a range of reaction temperatures, reaction times, and with different crosslinker concentrations. DEA/DMA co-polymer nanogels with a composition of 60% DEA/40% DMA (w/w) were synthesized at 42°C, 44°C, and 46°C. In contrast to a slight decrease of nanogel size with increasing reaction temperature seen in NIPA nanogel Note. a Average hydrodynamic radii were measured at small measurement angle 23°. b PDI denotes polydispersity or relative standard deviation of resulting nanogels: the ratio of the standard deviation in R h to the average hydrodynamic radius.
synthesis [43] , the average hydrodynamic diameter of DEA/DMA nanogels increases with increasing reaction temperature, as shown in Fig. 2 . Our experiments show that DEA/DMA (70%/30%) nanogels polymerized at 37°C for 2 or 4 h in the presence of catalyst TEMED exhibit little difference in their sizes and size distributions (data not shown). A similar effect of reaction time on the size of polyN-IPA microgels has been previously reported [4, 44] , Pelton [4] found that the sizes of microgels they synthesized remained almost invariant after one hour of polymerization, even at a lower reaction temperature of 50°C. The crosslinking density is another important synthesis parameter that usually alters the swelling ratio of synthetic nanogels. For instance, Duracher et al. studied the influence of crosslinking density on the sizes of polyNIPA nanogels [44] , and reported that an increase in crosslinking density had little effect on nanogel size below the VPTT, while the size of the collapsed nanogels increased with an increase of crosslinker density above the VPTT. We synthesized DEA/DMA nanogels with 70 wt.% DEA and 30 wt.% DMA at 37°C, using crosslinker concentrations of 2.5 wt.%, 5.0 wt.%, and 10 wt.% of the total amount of DEA and DMA monomers. The size distributions we obtained for nanogels with different extents of crosslinking are shown in Fig. 3 . Our results show that the size of the DEA/DMA nanogels determined at 20°C increases with increasing crosslinker concentration, but there is little effect of the crosslinking density on the size distribution, which remains relatively broad. The variation of nanogel size with crosslinker density may be related to the reaction temperature at which the nanogels are created. In the synthesis of DEA/DMA nanogels, the ideal reaction temperature is just a few degrees above the initial volume-phase transition temperature. The growth of the polymer chains in each nanogel is dependent on the crosslinker concentration, such that higher crosslinker concentration in solution can capture and hold more polymer chains, to form larger nanogels.
Characterization of the VPTTs of DEA/DMA co-polymer nanogels
The VPTTs of co-polymer nanogels previously reported by others have been varied via the incorporation of ionic comonomers [5, 18] . The introduction of ionic groups into nanogels presents two limitations. First, only a small amount of ionic comonomer can be introduced, since the incorporation of larger amounts leads to a loss of the thermosensitive phase behavior of the nanogels. For example, for a composition of more than 10 mol% acrylic acid (AA), the VPTT of NIPA/AA nanogels disappears at pH 7.4, because the AA components include ionic groups that strongly absorb and interact with water [18, 45] . Secondly, it is expected that nanogels with ionic groups are not suitable for some applications of interest, such as electrophoretic DNA separations, which require an electrostatically neutral polymer matrix [46, 47] . Only a very few studies have focused on the tunable VPTT of non-ionic co-polymer nanogels [42, 48] . Lyon and Gan [42] studied thermo-responsive nanogels with a small range of tunable VPTT. Bae et al. [48] prepared non-ionic nanogels through copolymerization of a hydrophobic NIPA and more hydrophobic N-tert-butylacrylamide (NTBA). One may wonder how the incorporation of a large amount of hydrophilic co-monomer will affect the phase transition behavior of non-ionic co-polymer nanogels. As shown in Fig. 4a , the phase transition behavior of the DEA/ DMA nanogels varies tremendously with different hydrophilic DMA content. Specifically, while homogeneous polyDEA nanogels undergo a sharp volume-phase transition with a VPTT at 26°C, an increase in the DMA content results in an increase of the VPTT of the DEA-DMA co-polymer nanogels. The corresponding decrease in the size of the DEA/DMA nanogels above the VPTT (Fig. 4a) shows that DEA/DMA nanogels over this wide range of compositions are stable and undergo no aggregation in dilute aqueous solution above the VPTT over this wide range of compositions. Fig. 4a also shows that in contrast to the behavior of the poly-DEA nanogels, the DEA/DMA nanogels exhibit broad phase transitions and a lower extent of volume collapse with temperature. The differing phase transition behavior of the DEA/DMA nanogels is most likely due to the different hydrophilic/hydrophobic balance of the random copolymer chains. Baker and coworkers [39] studied the conformational transitions of linear NIPA/DMA copolymers in aqueous solution using time-resolved anisotropy measurements (TRAMS), fluorescence quenching, and pyrene solubilization. They found that increasing the DMA content resulted in the adoption of increasingly open conformations above the respective LCSTs of linear NIPA/DMA copolymers. Thus, NIPA/DMA copolymers exhibit broad collapse transitions and more flexible globules above the LCST, with an increase of the DMA content. The DEA/DMA copolymer chains in the nanogels would be expected to show similar phase transition behaviors.
To summarize, our results demonstrate that increasing the DMA content of the DEA/DMA nanogels leads to a higher VPTT, lower swelling ratio, and increasingly broad phase transitions. This can be clearly seen in Fig. 4b , which shows the normalized change in hydrodynamic diameter, D h /D ho , as a function of temperature, where D h is an average diameter of nanogels as a function of temperature and D ho is an average diameter of nanogels at 20°C.
In the discussion above, DLS studies revealed the phase transition behaviors of very dilute nanogel dispersions. For semi-dilute and concentrated nanogel dispersions, visible-light absorption spectrophotometry is a powerful tool to optically study phase transitions and aggregation. As nanogel dispersions undergo a thermo-responsive phase transition, the nanogels collapse and the turbidity of the dispersions significantly increases. We utilized visible-light absorption spectrophotometry to study the effects of varying heating rates, nanogel concentrations, and salt concentrations on the phase transition behaviors of DEA/DMA nanogels. In principle, the thermodynamic equilibrium VPTT of the DEA/DMA nanogels is dependent only on the composition and concentration of the nanogels and the solvent. But studies of the heating rate dependence of the phase transition can provide insight into the dynamic transition process of nanogel dispersions and allow users to choose optimal heating rates for applications or other further investigations [20, 49] . For a 1 wt.% DEA/DMA (70%/30%, w/w) nanogel aqueous solution, heating rates were varied from 5 to 0.2°C/min. As illustrated in Fig. 5a , increasing the heating rate over this range results in a shift of the dynamic VPTT from 47 to 53°C, with an essentially linear dependence on heating rate (Fig. 5b) . At high heating rates, nanogels exhibit a higher dynamic VPTT, possibly due to the delayed equilibrium time for transferring heat through the dispersion and nanogel networks. Fig. 5b shows that the difference in the VPTT between 0.2°C /min and 2°C/min is only about 1.5°C. In order to facilitate measurement, we choose the heating rate of 2°C/min for subsequent visible-light spectrophotometry studies of the phase transitions. In more concentrated dispersions, nanogel-nanogel hydrophobic interactions must be considered in studying the phase transition behavior. Fig. 6 shows the dramatic effect of concentration on the phase transition behavior of DEA-DMA (70%/30%) nanogels. The results show that an increase in concentration from 1 to 4 wt.% results in a lower apparent VPTT and a sharper phase transition. At higher concentrations of 4 wt.% and 8 wt.%, the nanogel solutions exhibited no difference in their phase transition behavior. The very sharp phase transitions seen for higher concentrations may be due to a very rapid and strong aggregation of the nanogels. The results discussed above show that the heating rate and concentration strongly influence both the dynamic VPTT and the phase transition kinetics of DEA/DMA nanogels.
Salt Effects
The effects of salt on water-soluble polymers or hydrogels are of great importance and of great interest because salts are present in numerous biological systems. As early as 1888, Hofmeister reported the ''salting-out'' effect of egg-white protein [50] . ''Salting-out'' effects may be explained by the salt-induced disruption of the tetrahedral structure of water [51, 52] . Salt-induced phase transitions of non-ionic polymer gels [53] and microgels [54, 55] have been studied by others. The salts used were inorganic salts such as NaCl, KCl, and additionally CaCl 2 and organic salts such as H 4 NBr, (n-C 5 H 11 ) 4 NBr, and the surfactants SDS and DTAB (dodecyltrimethylammonium bromide) were studied. The addition of inorganic salts generally results in a shift of the VPTT of the polymer gels to lower temperature [53] . The effect of added organic salts on the VPTT depends on the alkyl chain length [56] , where some of the salts raise the VPTT and the others lower the VPTT.
Salt effects on thermosensitive, non-ionic gels studied by others mainly focus on homogeneous polymer gels such as NIPA gels [54] and hydroxypropylcellulose gels [3] . We investigated the NaClinduced phase transition behavior of non-ionic DEA/DMA co-polymer nanogel dispersions that had different compositions of hydrophilic DMA and hydrophobic DEA. The effect of salt concentration on the phase transition behavior of 1 wt.% DEA-DMA (70%/30%) nanogels was also studied. Fig. 7a shows that the VPTT of the DEA/DMA nanogels decreases with an increase of NaCl concentration, while the extent of aggregation for the nanogels is much greater than that observed in pure water. In contrast to the stable nanogel dispersions we observe in aqueous solutions without NaCl, even at just 0.15 M NaCl, the DEA/DMA nanogels quickly formed a macroscopic precipitate above the VPTT. Fig. 7b shows the strong effects of NaCl concentration on VPTT. This result shows that NaCl not only decreases the VPTT, but also greatly increases the tendency of nanogels to aggregate, presumably by screening ionic repulsions that stabilize the nanogels in aqueous solution. The salt-induced volume-phase transition and aggregation at temperatures above the VPTT may also be related to NaCl-induced disruption of water structure [51, 52, 56] . In order to monitor the salt effect on the size change and stability of individual nanogels, one requires a very dilute nanogel solution. Vincent et al. studied the salt-induced aggregation of polyNIPA microgels using DLS [55] . They found that at low salt concentrations (<0.2 M), polyNIPA microgels coagulate at a higher temperature. Moreover, they found that polyNIPA microgels coagulated in 1 M NaCl at 42°C but did not phase-separate to form sediment. In this work, stronger coagulation was similarly observed at a low salt concentration, as shown in Fig. 8 . At the physiological salt concentration of 0.9 wt.% (154 mM), DEA/DMA (70%/ 30%, w/w) nanogels coagulate at 39°C. However, the coagulated nanogels did not aggregate to form a macroscopic precipitate. Upon subsequent cooling below the phase transition temperature, the coagulated nanogels re-dispersed in salt solution to form a stable solution.
Aqueous dispersions of polyDEA and DEA/DMA nanogels exhibit different optical appearances, as shown in Fig. 9 . Similar to polyN-IPA nanogel dispersions [57] , polyDEA nanogel dispersions are opaque at 1 wt.% (Fig. 9a) and deep blue at 6 wt.% (Fig. 9b) . In contrast to polyDEA nanogel dispersions, DEA/DMA nanogel dispersions exhibit a light blue color at 1 wt.% (Fig. 9c) . At a low concentration of 1 wt.%, DEA/DMA nanogels dispersed in water and an interface exists between nanogels. Due to loosely packed polymer chains in individual nanogels, the refractive index of an individual nanogel is a little bit higher than that of water. Such a small refractive index difference between water and nanogels leads to a light blue dispersion in color. However, at the high concentration of 8 wt.% (Fig. 9d) , the interface between DEA/DMA nanogels disappears due to the interchain entanglement of the loosely packed polymer chains between the nanogels. Therefore, just like water-soluble polymer solution, DEA/DMA nanogel dispersions demonstrate an optical transparency, which only occur at a very high concentration (14 wt.%) of polyNIPA dispersions [57] . Such optically clear, concentrated DEA/DMA nanogel dispersions in aqueous media could find useful applications, for example as DNA separation media for capillary and chip-based electrophoresis, which requires transparent polymer solutions. DEA/DMA nanogel solutions were also tested as a novel component in sieving matrices for dsDNA separations by microfluidic electrophoresis. In 1993-1996, Barron et al. [58] showed that ultra-dilute solutions of hydroxyethylcellulose (HEC) could serve as useful separation media for capillary electrophoresis of relatively large double-stranded (ds) DNA molecules (>1000 bp in size). Many other polymer systems have been investigated for DNA separations with good resolution over a wide range of size (i.e., from tens of DNA bp up to tens of thousands of DNA bp). A blended polymer matrix of HEC that comprised an optimized mixture of low-and high-molar mass HEC polymers showed superior peak separations over a wide range of DNA fragments, from 72 bp to 23.1 kbp [59] . It was found that more concentrated low molar mass HEC was appropriate for separating small DNA fragments, while dilute high-molar mass HEC is appropriate for larger DNA fragments. Our group has identified an optimal blended polymer matrix for DNA sizing for fragments ranging from 75 bp up to 12 kbp; the mixture consisted of HEC of two different average molar masses (27 kDa, 0.84%; 1 MDa, 0.21%) with high-molar mass LPA (7 MDa, 0.09 wt.%) through an orthogonal design of experiment. With the addition of DEA/DMA co-polymer nanogels (40% DEA/60% DMA, w/w) to this blended polymer matrix, a much further improved DNA separation performance could be achieved by microfluidic chip electrophoresis for UX174/Hae III restriction fragments. The resolution between fragments 271/281 was calculated using an exponentially modified Gaussian (EMG) model and PeakFit ver. 4.0. The peak resolution increased from 1.03 without DEA/DMA co-polymer nanogels to 1.82, 1.97, and 2.22 upon the addition of DEA/DMA co-polymer nanogels at concentrations of 0.1 wt.%, 0.3 wt.% and 0.6 wt.% respectively. Fig. 10a shows the electropherogram for UX174/Hae III DNA restriction fragments in the blended polymer matrix with 0.6 wt.% DEA/DMA co-polymer nanogels. We are able to discern distinct peaks for the 271/281 dsDNA fragment pair, which normally is quite challenging to obtain. Fig. 10b shows the separation of a 1 kbp dsDNA ''ladder''-type sample in a pure DEA/DMA nanogel solution at 2.7% w/w. An ultrafast, high-efficiency separation is achieved in less than 120 s, covering a broad range of DNA sizes (75 bp up to 15,000 bp). Therefore, novel DEA/DMA co-polymer nanogels promise to be a useful component of complex blended polymer matrices that enable enhanced separations of large DNA fragments without losing an ability to resolve small DNA molecules. Previous reports including static ''obstacles'' in microfabricated entropic trap (ET) array [60] and dynamic ''obstacles'' of packed nanospheres with applied pressure [8] facilitated the separation of relatively large dsDNA molecules, which separations that similar to those that we present here. Although the true mechanism of this separation enhancement is not yet understood, it demonstrates a practical application for DEA/DMA co-polymer nanogels as a key component of sieving media for dsDNA separations. The nanogel solutions offer some advantages over ET arrays, which cannot be changed or tuned after their fabrication; nanogel-enhanced sieving media can be tuned to provide particular DNA separations by changing the solution composition.
Conclusions
Non-ionic polyDEA nanogels and DEA/DMA nanogels with four different DEA/DMA co-monomer compositions (70%/30%, 60%/40%, 50%/50%, and 40%/60%, w/w) were synthesized by emulsion precipitation polymerization with and without added surfactant, respectively. This is the first report of thermo-responsive, non-ionic co-polymer nanogels with high hydrophilic co-monomer compositions made by emulsion precipitation polymerization. DEA/DMA nanogels can only be synthesized at a temperature just a few degrees above the initial phase transition temperature, and the ideal reaction temperature is typically a few degrees above the respective initial phase transition temperature. In a range of reaction temperatures, higher synthesis temperature results in the formation of larger nanogels. The average size of the nanogels also increases with an increase in the crosslinker concentration, whereas the size distribution of the nanogels varied little for the different synthesis conditions studied.
The weight-average molecular weights (M w ) of the resultant DEA/DMA nanogels were measured by static MALLS. In contrast to the highly packed polymer chains in polyDEA nanogels, DEA/ DMA nanogels with four different compositions consist of more loosely packed polymer chains. The phase transition behaviors of DEA/DMA nanogels were studied using both dynamic light scattering and visible-light spectrophotometry. Compared to homogeneous polyDEA nanogels, DEA/DMA nanogels exhibit relatively broad volume-phase transitions around their individual VPTTs, and a lower extents of collapse. The VPTT and swelling ratio of DEA/DMA nanogels are dependent on the composition of the nanogels. A higher hydrophilic DMA content results in a higher VPTT and a lower swelling ratio. The variation of the VPTT and swelling ratio is due to different hydrophilic/hydrophobic balance. In addition to the composition of DEA/DMA nanogels, the variation of heating rate, nanogel concentration, and salt concentration can strongly affect the phase transition behavior. The dynamic VPTTs of DEA/DMA nanogels increases with an increase of heating rate. A higher nanogel concentration (4 wt.% and 8 wt.%) leads to a much sharper phase transition and lower dynamic VPTT, as compared to results at a lower concentration (1 wt.% and 2 wt.%). It was expected that NaCl would induce a decrease in the VPTT of DEA/ DMA nanogels, and this was indeed observed. Moreover, NaCl leads to a much sharper phase transition of DEA/DMA nanogels in a semi-dilute solution. DEA/DMA nanogels are stable in dilute aqueous dispersion above the VPTT, but are unstable and coagulate to form large particles even in an ultra-dilute nanogel solution (1.2 Â 10 À5 g/ml) at a physiological 154 mM NaCl concentration. However, the coagulation of the nanogels in this solution condition is reversible, and they can be dissociated into stable nanogel dispersions below the VPTT.
In contrast to the opaque or colored dispersions of polyDEA nanogels, DEA/DMA nanogels exhibit optically clear dispersions in aqueous media when dissolved at high concentrations. When DEA/DMA nanogel dispersions were used in separation matrices for microchip electrophoresis in borosilicate glass microfluidic devices, they provided fast, beautiful separations of dsDNA ranging from 72 bp to 15,000 bp in size.
